Abstract: InGaN/GaN samples grown on c-plane sapphire substrate with different In concentrations by metal organic chemical vapor deposition are demonstrated. The subsequent capping GaN layer growth opens a possibility for dislocation reduction due to the lateral strain relaxation in growth geometry. We present the further growth optimization and innovative characterization of InGaN layers overgrown on different structures with varying In concentrations. The photoelectrical and optical properties of the InGaN layers with/without capping GaN layer were investigated by time-resolved picosecond transient grating and temperature dependence photoluminescence. We note a 10-fold increase in carrier lifetime in the InGaN layers when the sample structure changes from PIN to single InGaN layer.
Introduction
Considering the importance of the worldwide energy demand, the use of photovoltaic devices is widely attractive as an abundant, clean, and renewable energy approach. III-Nitride semiconductors are presently under study as a potential alternative to conventional photovoltaic absorber materials to realize highly efficient solar cells [1] [2] [3] [4] [5] [6] . In particular, the entire solar spectrum can be absorbed by the InxGa1-xN system by tuning its direct band gap by optimizing the In composition [7] . Excellent physical properties, such as high mobility, drift velocity, radiation, thermal conductivity, and high temperature resistance leading to long lifetime and strong optical absorption also render InGaN alloys as a possible substitute for conventional solar cell absorbers [7, 8] . InGaNbased solar cells also have the potential to be operated under harsh environments, where Si solar cells may suffer from unstable operation [5] . In 2007, Zhang et al. [9] calculated the conversion efficiency of III-nitride photovoltaics in detail and reported an efficiency of up to ~20% from single In0.65Ga0.35N cell. The efficiency can be increased to 35.1% by using InGaN/GaN two junction cells [10] . In the same context, Hsu et al. [11] calculated the efficiency of InGaN/Si tandem solar cells to be increased to 35% when double InGaN junctions are used. Theoretically, the efficiency of multijunction solar cells increases as it incorporates additional junctions and can reach up to 56% for tandem solar cells incorporating eight stack layers [2] . Despite these promising properties, the performances of InGaNbased solar cells still require considerable improvement as most of the reported conversion efficiencies remain low [2, 12] . The performance of InGaN-based solar cells is primarily hindered by the structural degradation of thick InGaN layers with high In content (>10%) due to alloy inhomogeneity, vacancy related defects, dislocations, and misfit relaxation [13, 14] . To overcome the limitations in thick InGaN layers, researchers have used multiple quantum wells (MQWs) or superlattice absorbing layers in solar cells because they can limit strain build-up and control defect formation. The improved crystallinity of these MQW structures improves device performances compared with those of solar cells fabricated with thick InGaN absorption layer [2, 15, 16] . The performance of InGaN MQW-based solar cells can be further improved by increasing the thickness of the active region according to the number of quantum wells [13, 17, 18] . However, short-circuit current tends to saturate a large number of quantum wells due to carrier collection losses and increased recombination in the MQW region [19] . Therefore, to enhance the photon absorption in InGaN MQWs active region for photovoltaic applications, researchers need to develop new structure or architecture types enabling large InGaN active area.
The nonlinear four-wave mixing (FWM) technique is becoming a versatile tool for the characterization of bulk crystals, as well as semiconductor micro-and nanostructures because it allows the fast and reliable evaluation of novel optoelectronic materials and related technologies. The technique opens a possibility to measure a number of electrical parameters of semiconductors in an "all-optical" way by using well-established correlations between electrical and optical processes. The unique advantage of this technique is the possibility of direct analysis of carrier transport by varying a spacing of light interference pattern. Previous studies on InGaN materials by FWM technique were carried out in heterostructures and single-quantum well samples [20] [21] [22] . Okamoto et al. [20] demonstrated that the main reason for the reduction of ηext for a large amount of In is not the increment of nonradiative recombination center but carrier delocalization due to fast diffusion. In our previous work, we presented that the decay times of free carrier gratings with various spatial periods allows the determination of bipolar diffusion coefficient D = 2.1 cm 2 /s, effective carrier lifetime of 470 ps, and estimated corresponding hole mobility of 40 cm 2 /Vs at carrier density of approximately 10 18 cm −3 [21] . The nonequilibrium carrier dynamics and competition of nonradiative and radiative recombination in differently doped InxGa1-xN heterostructures have been studied by TR FWM and PL techniques to obtain further insight into the correlation of photoelectric, transport, and structural properties of InGaN alloys [22] .
In this study, we optically analyzed InGaN/GaN samples grown on sapphire with different In concentrations and capping layer. The grown structures were evaluated using time-integrated luminescence and time-resolved FWM techniques. In section 2, the growth conditions and experimental procedures are discussed. The X-ray diffraction (XRD), temperature dependence photoluminescence (PL), and time-resolved FWM results are presented in section 3. Finally, the conclusions are drawn in section 4.
Sample Structures and Experimental Procedures
In this study, four different InxGa1-xN/GaN samples were grown using metal organic chemical vapor phase deposition. To grow sample SI27, we performed the following steps. First, we purified the sapphire substrate at 1800 °C, applied nitride to the surface, and grew a thin (2 μm) GaN layer at 530 °C. Second, we grew a 200 μm thick layer of In0.27Ga0.73N at 650 °C. Third, we improved the bonding of the In0.27Ga0.73N and GaN layers at 580 °C. CSI27 is a GaN layer with a growth thickness of 120 nm and a growth temperature of 530 °C on SI27. For sample PIN27, the growth steps are as follows. First, we purified the sapphire substrate at 1800 °C, applied nitride to the surface, and grew a thin (1.5 μm) GaN layer at 530 °C. Second, we grew doped Si at 550 °C to form an N-type GaN layer with a thickness of 500 nm. Third, we grew the In0.27Ga0.73N layer at 650 °C. Fourth, we improved the bond between the In0.27Ga0.73N and GaN layers at 580 °C. Fifth, we grew doped Mg at 550 °C to form a P-type GaN layer with a thickness of 120 nm. Sixth, we improved the bond of the In0.27Ga0.73N layer and P-type GaN layers at 580 °C. The growth condition of the sample PIN 15 was similar to that of the sample PIN27, except that the In concentration changed to 15%. The structures of the four samples are shown in Figure 1 , as follows: The experimental set-up is shown in Fig. 2 . θ is the angle between two incident beams of the pump beam. A reference paper [28] showed additional details about this nondegenerate ps FWM by using [1+cos(Kx)], which generated a spatially modulated nonequilibrium carrier distribution N(x,t) = N0(t)
+ΔN(x,t) cos(Kx), where N0 and ΔN are the non-modulated and modulated carrier densities along the grating vector K = 2π/Λ with period Λ, respectively. The instantaneous modulation of the electric properties is duplicated by the refractive index n modulation by value Δn(x,t)～ΔN(x,t), thereby creating a free carrier grating [29] . The decay time of the grating efficiency η(t) ~ exp(−∆t/τ G ) corresponded to the time interval of the probe beam ∆t = τ G , in which the η value decreased by e2, while carrier modulation decreased by e in this interval. The similar procure was repeated at some other grating periods, and the corresponding values of τG were determined. The plot of the inverse grating decay time 1/τ G versus (2π/Λ) 2 (or the so-called angular dependence of decay time) allowed the determination of the diffusion coefficient, as well as the carrier recombination time, because one of them is dependent on grating period, as follows.
where 1/τ R is the recombination time, and τD =Λ2/(4π2D) is the diffusion time of the grating erasure. 
Results and Discussions

Band Gap of InGaN
Knowing that the energy gap of InGaN varies with the In concentration is necessary for the design of an InGaN-based optical power supply to obtain high-efficiency luminescence with a target light wavelength from the InGaN layer. The change in the InGaN energy gap with In concentration is also an important issue in theoretical research. Unfortunately, the light emission of InGaN is not from a uniform InGaN layer but from a local structure due to In segregation, phase separation, and other reasons. These phenomena make the PL emission much lower than the energy gap of the "carrier" InGaN layer and unusable in obtaining the InGaN energy gap. The most common methods used in the literature to measure the energy gap of InGaN are absorption spectra [30, 31] , optical density measurements [32] , and PL excitation spectra [33, 34] . A discussion of the energy gap bending parameters of InxGa1-xN as a function of x is underway. Given the difficulty of the high In concentration growth of InGaN and pure In, the energy gap of InxGa1-xN with high x or x = 1 is rarely studied. Thus, the uncertainty of the energy gap with a high In concentration must be studied. Given the improved growth of h-InN, the effects of O and interfacial metal clusters can be avoided [35] . The InN energy gap has been measured and discussed in several papers. The new h-InN energy gap was in the range of 0.7-1.4 eV. Bechstedt et al. [36] eV. The sample we studied was an InGaN layer grown on a GaN buffer layer by using a sapphire (Al2O3) substrate. The energy gap of InGaN and In concentration was determined using the following equation (Equation [2] ) according to the reference [37] : Figure 3 shows an ω-2θ line scan with different InxGa1-xN layers grown on a sapphire (Al2O3) substrate. The peak with the greatest intensity is the Bragg reflection from the GaN buffer layer, whereas the arrows in the figure represent the InxGa1-xN peaks of the four samples (i.e., SI27, CSI27, PIN15, and PIN27). SI27 exhibited a diffraction signal of In0.27Ga0.73N at 33.56 o . The sample CSI27 showed a diffraction signal of In0.48Ga0.52N and In0.19Ga0.81N at 32.92° and 33.80°, respectively. PIN27 had the diffraction signals of In0.47Ga0.53N and In0.2Ga0.8N at 32.94° and 33.78°, respectively. PIN15 exhibited a diffraction signal of In0.15Ga0.85N at 34.05°, while CSI27 and PIN27 produced two different crystal phases of InxGa1-xN. The possible reason for this finding is that the concentration of doped In was extremely high. Hence, the concentration of a part of In was diffused into the uppermost layer of GaN, thereby resulting in two different crystal phases of InxGa1-xN. Table 1 presents the XRD measurement results of SI 27, CSI27, PIN27, and PIN15 according to Equation (7) . The InGaN peak shown in Figure 3 exhibited an increased distance from the GaN peak. All InGaN layers were characterized by pseudomorphicity on the GaN buffer layer. CSI27 and PIN27 exhibited two separate InxGa1-xN phase peaks detected from the InGaN/GaN scan in Figure 3 . The tilt of the InGaN layer to the GaN buffer layer was not found in the four samples studied. Figure 4 shows the temperature-dependent PL spectra of the samples. In SI27 (Fig. 4[a] ), the temperature-dependent PL peak energy did not exhibit an S-shape behavior. The S-shape behavior has been attributed to the carrier dynamics associated with carrier localization in potential minimums [23-25, 38, 39] . As shown in Fig. 4(b) , two PL spectral peaks were identified below 150 K. The lowenergy peak corresponded to the localized states. The high-energy peak was attributed to the freecarrier states, corresponding to the background InGaN compound on which clusters were distributed. However, the background InGaN compound also consisted of the potential fluctuations of shallow distributions. The merging of the two PL peaks above 150 K was attributed to carrier liquidation among the localized states and free-carrier states. The decreasing trend of the high-energy peak was mainly due to the band-gap shrinkage of phonon effect [40] . As shown in Fig. 4(c) , the PL peaks showed broader bandwidth than that of the SI27 sample, which indicated that the In concentration fluctuation was evident. As shown in Fig. 4(d) , the PL peak position corresponded to low In concentration (~15%). The optical quality of PIN15 was poor due to the low emission energies existing between 450 and 500 nm. 
XRD Results
Time-resolved FWM Results
The measurements were carried out at room temperature with various excitation energy densities I. The decay of LITG recorded in the samples is shown in Fig. 5 . The decay kinetics was nearly exponential and fast for small grating periods, which was in accordance with Equation (1).
The τR and D values were determined by plotting the dependence of grating decay rate 1/τG versus inverse grating period ∆N-2. Similarly, we measured the grating decay rates in InGaN layers grown on different In concentrations. The determined parameters are presented in Table II 
Conclusion
Using complementary optical techniques, we confirmed the improved electrical, optical, and structural parameters of InGaN layers on different In concentrations. A carrier lifetime of 1.59 ps and diffusion coefficient D of 1.83 cm 2 /s was optimal for CSI27. Sample quality increased in the capping GaN epilayer when the In concentration was 27%. This feature indicated an approximately twofold decrease in defect density. Low-efficiency electron trapping in the overgrown GaN was supported by the D = 1.6 cm 2 /s value, which was typical for bipolar plasma in GaN, whereas the D value was two times faster in the template (as n < p). Increasing lifetime value with excitation was typical for the saturation of electron trapping centers by excess carriers in InGaN with capping GaN structure.
